The thermodynamic properties of AlNd were investigated by measuring the heat capacity, C p , from near absolute zero (2 K) to 300 K using the relaxation method. During the measurement of the C p (AlNd), 4 thermal anomalies were found on the C p curve at 75.34, 39.79, 25.77, and 6.95 K. The third law entropy of AlNd at 298 K was obtained by integrating the polynomials for the measured C p values. The result was as follows:
Introduction
Aluminum-based alloy films have been studied as wiring materials for liquid crystal displays (LCD) because their electric resistivity, which causes signal delay, is lower than that of high-melting-point metals such as titanium, chromium, molybdenum, and tantalum and their alloys. [1] [2] [3] Particularly, the Al-Nd alloy film has been put into practical use as a wiring material 1) since it has higher heat resistance than Al, with a comparatively low increase in electric resistivity due to Nd addition. Furthermore, the Al-Nd binary system itself is of great interest from the viewpoint of the electron theory; this is because this system is composed of Al electrons that are spread over the crystal in a manner identical to nearly free electrons in pure aluminum and strongly localized and spinpolarized Nd-4f electrons. Measuring the basic thermodynamic properties of the Al-Nd binary system is important to design and develop novel wiring and magnetic materials.
We have previously reported the thermodynamic properties of the intermetallic compounds Al 11 Nd 3 and Al 2 Nd [4] [5] [6] in the Al-Nd binary system. The standard entropy of formation, Á f S o 298 , of Al 11 Nd 3 at 298 K was determined by measuring the heat capacity, C p , from near absolute zero (2 K) to 300 K 5) using the relaxation method. [7] [8] [9] [10] In the case of Al 2 Nd, Á f S o 298 , the standard enthalpy of formation at 298 K, Á f H o 298 , and the standard Gibbs energy of formation at 298 K, Á f G o 298 , were determined by heat capacity measurement and solution calorimetry in hydrochloric acid solution. 4) Furthermore, the standard Gibbs energy of formation as a function of temperature, Á f G o T , of Al 2 Nd was determined using the C p polynomials of pure aluminum and pure neodymium. 6) During the measurement of C p of these AlNd intermetallic compounds, several peaks probably caused by magnetic transitions were found on the C p curves. In this study, Á f S o 298 of AlNd was determined by measuring C p using the relaxation method.
With regard to our present study, Deenadas et al., 11) Daal and Buschow, 12) and Swift and Wallace 13) clarified that the ferromagnetic-paramagnetic phase transition in Al 2 Nd occurs at approximately 70 K by measuring C p , 11) electric resistivity, 12) and magnetic characteristics, 13) respectively. In the Al-Nd binary system, stoichiometric compounds of Al 11 Nd 3 , Al 3 Nd, Al 2 Nd, AlNd, AlNd 2 , and AlNd 3 are formed as the composition changes from Al side to Nd side. 14) However, except for Al 2 Nd 4,11) and Al 11 Nd 3 , 5) the C p values of the other stoichiometric compounds have not yet been measured. Thus, in the present study, the C p of AlNd has been measured for the first time, and the application of AlNd as a material for magnetic refrigeration 15) for liquefaction of nitrogen has been discussed.
Experimental

Preparation of specimens
Commercial Al (99.99%, High Purity Chemical Institute Co., Japan (HPCI)) and Nd (99.9%, HPCI) were used as the starting materials. The composition of AlNd is Al-Nd (50-50 mol%). Since the formulation of one mole of atoms is convenient, it is usual to compare the molar thermodynamic properties of compounds; hence, AlNd is rewritten as Al 0:5 Nd 0:5 . Al 0:5 Nd 0:5 was prepared by arc-melting of compressed compact of a mixture of Al and Nd powders in the composition of Al-Nd (51-49 mol%) with a tungsten electrode in an argon atmosphere. After melting, the sample was vacuum-sealed in a silica tube and then subjected to a homogenizing treatment at 673 K for 21 days. Based on prior experiments, 1 mol% Al was added in excess while preparing Al 0:5 Nd 0:5 ; this is because the evaporation loss of Al and the oxidation loss of Nd were counterbalanced during arcmelting and heat treatment. The structure and composition of * Graduate Student, University of Hyogo the sample were measured by an X-ray diffractometer (XRD, RINT-2200, Rigaku Co., Tokyo) and an electron microprobe microanalyzer (EPMA, JXA-8900R, JEOL Co., Ltd., Japan), respectively. The detected XRD peaks of the sample corresponded to AlNd, and the sample was found to be homogeneous and single phase. The average atomic ratio of Al and Nd of 5 analyses was 0.500 and 0.500, respectively, corresponding to the stoichiometric composition. The sample was then subjected to calorimetry.
2.2 C p measurement and entropy of mixing of Al 0:5 Nd 0: 5 Based on the third law of thermodynamics, the entropy of a material as a function of temperature, S T , is given by the following equation.
In order to determine S T , it is necessary to obtain the temperature function of C p . The C p values of Al 0:5 Nd 0:5 were measured in the temperature range of 2 to 300 K by using a relaxation method [7] [8] [9] [10] instrument (PPMS, Quantum Design, San Diego, USA). The details of this method were described in our previous studies. [16] [17] [18] [19] [20] The measured C p values were fitted to a polynomial expression as follows:
The polynomial expression was integrated to determine the and S 298 (Nd) = 71.086 JÁK À1 Ámol À1 are the third law entropies of pure aluminum and pure neodymium and were adopted from the thermochemical tables. 21, 22) Consequently, the standard entropy of formation of AlNd, Á f S o 298 (AlNd), is obtained as follows: Figs. 2 and 3 , respectively. Three -type peaks designated P 1 , P 2 , and P 3 in Fig. 2 and a weak peak designated P 4 in Fig. 3 were found at temperatures of T 1 ¼ 75:34 K, T 2 ¼ 39:79 K, T 3 ¼ 25:77 K, and T 4 ¼ 6:95 K. Table 1 
The values of C p , S T , and (H T À H 298 ) data calculated for other temperatures are summarized in Table 2 . In previous studies, the C p of pure copper (99.9999%, Nilaco, Tokyo) was measured, and the deviation of the measured C p data and the calculated S 298 data was found to be less than 1%. [16] [17] [18] [19] [20] Thus, the present C p , S T , and (H The Á f S o 298 (AlNd) value was found to be negative. This is due to the entropy of vibration that generally decreases in a compound with an increase in lattice vibration frequencies.
23)
Enthalpy and entropy change of phase transition
Louasmaa 24) and Parkinson et al. 25) measured the C p of pure neodymium at 0.4-4 K and 2-180 K, respectively, and found that the magnetic phase transitions occur at 7 K and 19 K. In addition, in our previous study involving the measurement of the C p of Al 2 Nd, a peak at 71.8 K on the C p curve that was not observed in pure neodymium was detected; this finding is consistent with the ferromagneticparamagnetic phase transition. [11] [12] [13] We compared the complex phase transitions found on the C p curve of AlNd in the present study with the C p data of pure neodymium 24, 25) and Al 2 Nd 4) as given below. According to the magnetic characteristics of Al 2 Nd, the P 1 (75.34 K) peak found in AlNd appears to result from the 3.54 K shift toward high temperature side in the ferromagnetic-paramagnetic phase transition. The neodymium content is 16.7 mol% higher in AlNd than in Al 2 Nd. This implies that the spin interaction among the 4f components for neodymium atoms in AlNd increases as compared to that in Al 2 Nd. Thus, such an increase in the spin interaction among the 4f components results in the 3.54 K shift toward high temperature side in the ferromagnetic-paramagnetic phase transition.
The P 4 (6.95 K) peak found in AlNd appears to correspond with the magnetic phase transition of pure neodymium at 7 K. Compared with the huge peak of pure neodymium at 7 K, 25) the P 4 peak in AlNd was very small because the aluminum atoms in the AlNd crystal weakened the spin interaction among the Nd-4f components.
Based on the transition temperature of P 2 (39.95 K) found in AlNd, this peak appears to result from a magnetic phase transition that occurs neither in pure neodymium nor in Al 2 Nd.
The P 3 (25.77 K) peak found in AlNd appears to result from the approximate 6 K shift toward high temperature side 
1.0-6.9 À2:8992 Â 10 in the magnetic phase transition of pure neodymium at 19 K 25) indicating that the spin interactions among the Nd-4f components are strengthened; nevertheless the neodymium content is diluted with aluminum. This issue needs to be further investigated.
As described above, the thermal anomalies found in this study appear to result from the complicated local electronic states around the rare earth metal neodymium. Therefore, by assuming the dashed lines in Figs. 1-3 as the phonon heat capacity, the excess enthalpies were calculated from the difference between the measured C p and the lattice vibration term (base lines) using the polynomials shown in Table 1 as follows:
The integral interval [T s , T e ] was the temperature at which the measured C p curve deviated and returned to the base line of C p . Consequently, the entropies of phase transitions were obtained as follows:
where T p is the peak temperature of C p . Table 3 shows the results of thermodynamic properties of the phase transitions. Recently, oxide superconductors, of which super conductive transition temperatures are below liquid nitrogen, were found.
26) The energy-saving compact system for liquefaction of nitrogen is inevitable to put the oxide superconductors into practical use. Magnetic refrigeration 15) is expected to be a useful method for liquefaction of nitrogen. AlNd in which the ferromagnetic-paramagnetic phase transition occurs at 75.34 K is one of the candidate materials as a magnetic refrigerant for liquefaction of nitrogen that has a boiling point of 77 K. The thermodynamic data of the ferromagneticparamagnetic phase transition at 75.34 K shown in Table 4 are useful for designing magnetic refrigerant composed of AlNd.
Conclusions
The heat capacity, C p , of the intermetallic compound AlNd in the Al-Nd binary system was measured by using the relaxation method from near absolute zero (2 K) to 300 K. Four thermal anomalies were found on the C p curve at 6.95, 25.77, 39.79, and 75.34 K. Of these, 2 anomalies at 6.95 K and 25.77 K appear to correspond with the magnetic phase transitions observed at 7 K and 19 K in pure neodymium. The anomaly at 75.34 K appears to result from the 3.54 K shift toward high temperature side in the ferromagnetic-paramagnetic phase transition observed at 71. 8 
